High CO2 concentration (0.5%) increased the rate of ethylene production, measured in a continuous flow system, in intact sunflower (Helianthus auwus L.) plants. However, the rate of ethylene production subsided to near control levels after approximately 24 hours. The effect of high CO2 could only be observed in light. Although high CO2 concentration had no effect on the rate of ethylene production in darkness, prolonged exposure (approximately 16 hours) of plants to high CO2 in the dark prevented the increase in ethylene production when the plants were exposed to light and high C02.
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The interactions between CO2 and ethylene are of interest both for their role in the basic understanding of ethylene action in plants and for their use in preservation of produce, flowers, and fruits, etc. Little work has been done to study the effect of CO2 on the rate of ethylene production in plants. Aharoni and Lieberman (2) have reported recently that CO2 stimulates the ethylene production of tobacco leaf discs senescing in the dark. In an earlier report by Imaseki et al. (9) , it was shown that the removal of CO2 from the atmosphere surrounding sweet potato tuber sections infected by black rot fungus decreased the rate of ethylene production. CO2 has been reported either to inhibit (15, 20) or to have no effect (4) on ethylene production in ripening fruit but the results are difficult to interpret because of the possible effects of ethylene on its own production in these tissues (13) .
In most of the above cases, the experiments were done with excised plant parts sealed in closed systems. Numerous possible sources of error inherent in such techniques have already been pointed out (3, 6) . Further, with such systems it is not feasible to study the exact relationship between CO2 concentration and the rate of ethylene production on a temporal basis since the tissue is sealed for a considerable duration before sufficient amount of ethylene can accumulate to permit accurate analysis.
Techniques have been developed in our laboratory that allow measurement of rate of ethylene production by the intact shoots of plants in a continuous flow system (3, 6) . Using these techniques, we have recently reported that an increase in the concentration of CO2 in the atmosphere surrounding the sunflower plants increased the rate of ethylene production (5) . The change in rate of ethylene production was evident within the first few minutes of the carbon dioxide treatment. All the experiments reported in that paper were done in continuous light.
The present study was undertaken to further explore the rela-'Financial assistance from the Natural Sciences and Engineering Re- (3) , in a continuous flow system using hydrocarbon free air (6) . The environmental parameters and the techniques used for purification of air, CO2 treatment and ethylene measurement were the same as described in our earlier papers (3, 5, 6 ). The air mixtures containing different concentrations of CO2 were also passed through the purification system before entering the cuvette. The flow rate of the air was 200 ml/min. Unless otherwise specified, high CO2 treatment refers to 0.5% CO2 and normal CO2 concentration implies 0.03%. Dark treatment was given by wrapping two layers of aluminum foil around the cuvette. Each experiment was done at least three times with the exception of experiments in Figures 1 and 5 that were done twice. The data from a typical experiment are presented for each treatment. Because of the large variability in the rates of ethylene production by different plants (5), the first ethylene measurement was adjusted to one for comparative purposes. Figure 1 shows the effect of 0.5% CO2 on ethylene production by sunflower shoots maintained in continuous light. The rate of ethylene production started to increase almost immediately after the start of CO2 treatment, reached a peak and then started to decline. After 30 h of CO2 treatment, the rate of ethylene production returned to nearly the original level exhibited under normal CO2 concentration.
RESULTS
An experiment was done to study the effect of high CO2 concentration on the rate of ethylene production in the darkness. The plant was equilibrated overnight (approximately 16 h) in darkness and normal levels of CO2. Next morning, three measurements were made at 1-h intervals, on the rate of ethylene production under the normal concentration of CO2. The concentration of CO2 was then raised to 0.5%, still keeping the plant in darkness. There was little effect of this increase in CO2 concentration on the rate of ethylene production, in darkness as compared to the response in light ( Fig. 2A) . Even when the concentration of CO2 was raised from normal to 5% levels, the rate of ethylene production remained very close to the control rate in the darkness and normal carbon dioxide concentration (Fig. 2B ). There was no significant difference between the control rates of ethylene production in the darkness in these experiments, and in light for experiments in Figure 1 .
To explore this phenomenon further, experiments were done to establish the effect of light treatment alone on the rate of ethylene production (Fig. 3) . When the lights were turned on after measuring the rate of ethylene production in darkness, there was only a transient increase in the rate of ethylene production. This quickly subsided to the basal level equivalent to that in the darkness. However, when the CO2 concentration was increased to 0.5% in conjunction with the turning on of the lights, the rate of ethylene production increased (Fig. 4A) .
In another experiment, the plants were equilibrated overnight in the cuvette in normal CO2 concentration and darkness, and the next morning the CO2 concentration was increased to 0.5%. Again this increased CO2 concentration had no effect on the rate of ethylene production in the dark. However, when the lights were turned on after 3 h of high CO2 treatment, the rate of ethylene production quickly increased and in less than 2 h was 2.5 times more than the control level (Fig. 4B) .
The data in Figure 1 indicates that the rate of ethylene production subsides to nearly control levels after 30 h of high CO2 treatment, when the plants are maintained in continuous light. Even the effect of CO2 on the rate of ethylene production ( in the light was preceded by overnight exposure to normal CO2 in darkness.
It was of interest to determine whether the duration of CO2 treatment in the dark had any bearing on the subsequent effect of CO2 on the rate of ethylene production observed in light. To accomplish this, a plant was kept in the dark and treated with 0.5% CO2 overnight at the start of the experiment. Thus, when the measurements were made next morning on the rate of ethylene production, the plant had already received 16 h of high CO2 treatment. When the lights were turned on after taking three measurements at 1-h intervals in the dark, there was no effect of light on the rate of ethylene production (Fig. 6A) . Figure 6B represents a control where the rate of ethylene production was monitored over a similar duration in continuous darkness. Even when the CO2 concentration was increased to 1% after an initial exposure of plants to 16 h of 0.5% CO2 in darkness, the further increase in CO2 concentration had no effect on the rate of ethylene production either in light or darkness (Fig. 7, A and B) .
DISCUSSION
The most interesting point that emerges from these investigations is that light is necessary for an increase in ethylene production in response to high CO2 treatment. The ineffectiveness of CO2 to influence the ethylene production in intact sunflower plants in the dark is in direct contrast to the findings of Aharoni and Lieberman (2) who have shown that 5 to 10%0 C02 stimulates ethylene production in senescing tobacco leaf discs, in the dark. Possibly the two tissues respond differently, or the differences simply relate to the use of intact shoots versus excised leaf discs, for the experiments.
There have been conflicting reports on the effect of light alone on the rate of ethylene production in plant tissues. Light has been shown to increase the rate of ethylene production in a variety of plant tissues such as lettuce seeds (1), oat seedlings (14) , Valencia orange leaves (16) and cress roots (17) . It has recently been reported that light inhibits ethylene production in segments of green oat leaves but not in etiolated leaves (7) . The experiments dealing with the effect of monochromatic light on plant tissues suggest an inhibitory effect of red light as compared to darkness on the rate of ethylene production (8, 11, 12, 18) . However, Janes et al. (10) found no effect of red light on the rate of ethylene production in the intact lettuce seedlings. In our experiments with intact green sunflower plants, exposure to a balanced spectrum of light after overnight in the dark led only to a transient increase in the rate of ethylene production (Fig. 3) . Since the rate of ethylene production can be markedly influenced by many factors (3, 6) , it may well be that these apparently different responses are observed partly because of the problems in the techniques used by different workers.
Curiously enough, the rate of ethylene production subsided after the treatment of plants with high CO2 (0.5%) for 24 h or so. This, coupled with our earlier observation that CO2 apparently inhibits ethylene action in controlling the leaf angle (5) may suggest that CO2 displaces ethylene from its binding sites. (Sisler (19) has reported that 2% CO2 displaces about 35% of the bound ethylene). But this does not explain how the prolonged high CO2 treatment in the dark can prevent the subsequent response to light.
The effect of the duration of high CO2 treatment in the dark on the subsequent expression of the high CO2 effect in light is intriguing. Although high CO2 concentration had no effect on the rate of ethylene production in the dark (Fig. 2, A and B) , prolonged exposure of plants to high CO2 in the dark, prevented the subsequent response of plants to light and high C02, in terms of increased rates of ethylene production (Figs. 6 and 7) . It may be that much of ethylene diffuses out through the stomates in intact plants and that high CO2 treatment in the dark prevents the stomates from opening in light, at least in the time frame of these experiments. The decrease in rate of ethylene production in continuous light, after prolonged exposure to high CO2 may also be influenced by this factor.
